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ANALYSIS OF CARBON FIBER'S X-RAY MICROSCOPIC STRUCTURE

Yang Yuxing, Wang Jiarong, Liu Changlin,
Material Science and Engineering Department

Abstract \\

“1n this paper, we have used the X-ray diffraction

method (including the small angle scatter method) to

study the microscopic structure of four kinds of .
carbon fibers. We include the measurement of inter-

layer distance Go for "random-layer graph1te " average
height L¢ of layer surface stacks, average width la of

layer surfaces, degree of orientation M .2, and carbon

fiber's average microscopic holes. We also propose a
calculation procedure for handllng small angle

scattering. =, R e K,Y

n

Key Words: Carbon fiber, graphite, microscopic structure analysis, small
angie scattering.

1. FOREVORD

The structure of commenly encountered carbon fibers and graphite fibers
1¢ ordinari:y "randor-layer" structure [1]. It has both similarities and

irllarities with graphite crystal. The similarities reside in th. fac®
layer planes are composed of six-member aromatic rings.
The dissimilarities resids in the fact that in the former the carbon atoms
between the lavers dc not have a regular, fixed position, and lack three-
dirensional order, while the distance between layers is greater than in
graphite crystals, reflecting the facts that the average thickness ILc cf
stacks of micro-crystal size on the jlayer surface and the average width Le of
the layer surface are also v&ry sma..l, and that the layer “ace forms a certain
angle of orientation with the fiber axis. At the same tire, in the "random-

T

layer graphite" structure, in addition to the macroscopic defects, there alsc
exists a very porous microscopic structure [2)]. Because the structure of
carbon fiber is onc ¢f the "random-layer graphite' structures composed of

light-weight ators that show a low degree of symmetry, even a high-resolution

Ncte 1ir. Original: This paper was received 24 October 1986.




electvon microscope is not sufficient to reveal the microscopic structure's
characteristics accurately and effectively. By comparison, the penctratiorn
strencth of X rays 1s greater, the irradiated volume is larger, and the
statistical quality and reproducibility are better. This paper uses large and
smalil angle X-ray diffraction techniques for a systematic analysis of four

kinds of carbon fiber microstructure.

2. LARGE ANGLE X-RAY DIFFRACTION ANALYSIS OF CARBON FIBER

A. Measurement of Carbon Fiber Lattice Constant and Degree of Graphitization

Because carborn fiber is a kind of transitional-state carbon, it 1is
conposed of amcrphous carbon andé therrmodynamically stable crystal-state carkc:
(graphite). Th+ basic structure of the most common transitional-state carbou
is "randor-layer graphite"” structure. The layer surfaces along the axis in
“random-layer grapiiitce” can be stacked without ordes; there is no definite
orientatisrn (see¢ Fic. 1). Therefore the X-ray diffraction spectra for
graphite crystals and carbon fiber
are cbviously different (Fig. 2).

In the spectra, *he diffraction for

fac. (002) 1s especially interncse,

o)
(e}

o

with the inter-face distance equal to g é%lvi,’/

V= w7
T LS,

AN >
/I/A\ ‘\—‘

172 S, the carbon fiber's lattice
constarnt. €causze 17 is

extracrdinarily sensitive to changes

in structure, diooz, is often e e N - -
consider>? as an indicator for the Fig. 1. Model of random-layer graphite
degree of graphitization; it can be structure. Key: (1) Carbon Jiber

axis.
calculated from the diffraction angle

ot#%ﬁ% face (002) diffraction ray. At the same time, the layer face stacking
thickness I« along the ¢ axis can be measured from half the height and breadth
of the face (002) diffraction ray. From half-breadth for the (10) or (ii) ray
1s calculated layer plane's thickness [e, the average thickness of stacks on

the a axis direction. Based on Scherrer's formula (3], we have:




e

Ka

L Biwicos 0 (1
in which Prui 1s the half breadth of e e v = . - - - -
the ciystal surface diffraction ray * Wou) < eod)

after adjustment by the Rowland
polarization factor, the atoric

scatter factor, and the absorption

factor (hkl). 1In the case of carbon

fiber, because the micro-crystal

scale 1s very small, the element of

, , yR e s e RS A
broadening ~auscd by the instrument ‘ ) . ) :
U g I ; ' L S R P T
12y be excluded. A is the wave
length of the X-ray, Bis the (10 (000) ;;
guffract-on ancle, K 1s the fors .

. n ° . '
facteor. Wher measurirg L . the value 2 3 0 50 (1) 7«a£)
cf K is approxXimately l; when Fig. 2. X-ray diffraction spectra for
mEasuring Le, 1t 1S approximately graphite and carbon fiber. )

. a. Graphite; b. Carborn fiber processed
177 (&) at 1200°C.

Key: (1) Degrees.
TakZ: 1 shows the data 1or the
four kinds of carbern fibor: the "random-layer graphite” stack number (or

zo; ckrainced by wide angle X-ray diffraction analysis is &

o~ Y — - -
Litro-crystal s

o)

statistical averag:

The higher the hot processing temperature, the larger the micro-crystal
scale; the inter-layer distance 1is correspondingly reduced and approaches the
ideal graphite crystal value, and tie carbon layer structure regularity also
increases gradually [5]. In order to show the structural characteristics
possessed by these carbon fibers during the hot processing, as well as the
degree of graphitization, use is normally made of parameters such as diooz:,
Lo, L. The diooz» value for ideal graphite crystal is 0.3354 nm (3.354 A).
As the hot processing temperature rises, the carbon structure is gradually
transformed in the direction of graphite structure; its dcocz» value obviously
decreases gradually, tending toward the ideal graphite crystal valuve. Maire

ané lMering are of the opinion that carbon fiber 1s a composite of unordersd




random-layer stacks and crdered graphits stacks; it may have the probability

of ideal graphite crystal structure defined as g.

formula:

They propose the followirng

d g0y, =0.33549+0.8440(1—9) (crystal inter-layer distance unit is nr).

When the value of ¢ changes from O to 1, it shows there is a

transformation from a completely random-layer structure to an ideal graphite

crystal; that is, the greater the value of g, the higher the degree of

graphitization [6]:

9= {2)
~ .‘-'t'
For the value of ¢ for the four kinds of carbon fiber, see Table 1.
Becaue:s the value ¢f d oo, reasured by X-ray diffraction 1s a
statistical average value for the entire carbon structure, the degree of
graphitizaticn is alsc a physical quantity having statistical significance.
Takle Data for four kinds of carbon fiber.
dow(am) | Le(om) .| - Latam). | o(%) Wi U
Spocirin ¥ ST I
#1, Shanytan. 1207° 0.3497 1.6 “3‘.81‘“‘?“‘?‘“‘&1%‘&13\" 6.3
#2, Shangtar, »2500°C 0.8 452 .00 - o, ' 9.0
1. Japan, 1300°C 0-8{9 . 162 SRR B T 3O 12.0
. L 't ) ! N S
4, Japan, - 25609¢ o.s;as__ ] 432 .44 ‘n 8.0
*BFzcause the value calculated from formula (2) is an extremely
small negative value, the results are clearly unbelievable; they
can orly show that the carbon fiber 1s in a state of uncertain
form.
Key: (1) Degrees; (2) Extremely low.
B. Measurement of the Degree of Orientation of Carbon Fiber

network surface,

degree with ths fiber axis.

In the structure of random~layer graphite, the six-member aromatic-ring

composed of carbon atoms,

forms an orientation of a certain

It can be obtained by measuring the relation




between the diffraction intensity corresponding to each (002) face torcming
different orientations with the fiber axis, and the orientation angie ¢

When we take the intensity as half the maximum, the corresponding orientation
angle less 90° (when the layer surface normal line 1s exactly perpendicular tc
the fiber axis) is considered to be the degree of orientation, shown by W 2
{or 2°). It 1is clear that, when all layer surfaces are strictly parallel with

¥, : approaches 0°. Figure 3{(a) is an illustraticn of ths

the filament axes,
degree of orientation; it is only one kind of corresponding comparative

method.
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F .lustraticr for angle of orientation; (b) Specimen coxpount - f

Vertical orientation of carbon fiber parallel sample.

Key: (1) Fiber axis: (2) Crystal ¢ axis; (3) Corresponding
intensity I(¢®); (4) Orientation angle in degrees; (5)
Aperture; (6) ¢ rotational axis; (7) Counter.

When this kind of measurement 1s undertaken on a diffraction instrument
provided with an inclined side installation, the experiment is simplicity
1tself: For each change of orientation angle d7, a measurement is taken of

the d:ffraction peak of surface (002). Under these diffraction geometric




conditions, 1t 1s not necessary to undertake absorption corrections for the
intensity [7). Figure 3(b) is a sketch showing an inclined side 1nstallation
to measure the degree of orientation. The degres of orientation # .,
calcuiated frox the graph showing the relaticn between the intensity
corresponding to face (002) and the orientation angle @ (see Table 1): for PAM
base carbon fiber, after being graphitized at 2500°, the graphite fiber degree

of orientation M. 2 has dropped to about 89,
3. SMALL ANGLE x~RAY SCATTER ANALYSIS OF CARBON FIBER

In addition to macroscopic defects in carbon fiber, there also aprear
betwecern the layer surfaces of the "random-layer graphite" many tiny opernings
distributed alorng th. axie [2]. Fcr this reason, therc exists 3z distinr® rois
and fall in electron density between '"random-layer graphite" and the openings-
this necessari.y -¢ads *t: the phenomenon of small angle scatter. Because th-
holes 1n the carbon fiber are distributed along the axis, these fiber-state
hojes ar< separated by the randor-laycr graphitc sheets. Therefcre, the soall
angic scatier srectra scanned perpendicularly to the carbon fiber axis ard
alorg the axos ar< clcariy not th: sar.. Figures 4{z) arnd 4/b) ar-
raspectiveiy the perpendicularly and axiaily scanned smal! angle scaftter

phs f-r PA!N bazz carbon fibers which have been put through a 252n°C
prucessiing. Below, the Guinier approximation formula is used for analysis of

the sma.i angle scatter intensity graph.

(1} Ve deduct parasitic scattering and backgrcuad {(Iz). Th: crigirn cf
the parasitic scattering 1is the purity of the incident spectrum, or the
scattering of the aperture, atmosphere, and other physical substances. When
using a counter to measure the intensity, it 1s necessary tc use a wave filter
and a wave height analyzer, and on the basis of differences in the scatter
intensity when a specimen is present and absent to reduce the influence of the
parasitic scatter. Figures 4(a) and 4(b) are graphs showing the scatter
intensity after the removal of parasitic scatter. It can be seen that when 2
is greater than 3°. the scatter intensity I(26) along with 26 g¢gradually

approaches a steady value (background intensity Is); as regards carbon fiber




composed of "randor-layer graphite." and microscopic hcles, this kind of

-+

background intensity is mainly a result of the unevenness in the intericyr [:
of the "random-layer graphite." As the graphitization becomes more nearly
complete, the srale of micro-crystals in the "random-layer graphite" graduaily
increases; the six-member aromatic-ring network surface and the surface
arrangement tend to be more intact, and the background also decreases in
rropor+icn. Obviously, thie portion cof the background is not part of th=
cortribution of the ricroscopic holes, and sco should be discounted.

=
(a)
< ) \
X 1
iK#-L‘
- AN
(hy M 1 ...
IR T W)
)

Fig. 4. Srall angle scattzr spectra scanned perpendicular to and along the

2) Fider axis; (3) Scanning direction.

2 Estimaticn ¢f the scale of microscopic holes. When the distance
between thre holes in th- carbo: fibers is relatively great, their rutual

£€¢-t may be ignored. Based on Guinier's approximation

. SRI  d .
I(e)=M'n,ef,pl(——"7—d o )

scatter 1nterferenc. e

fermula ‘&7
3 A

-1




1n which ¥ is the number cf microscopic holes, n is the nunber of electrons in
one hole, ¢ 1s the small angle scatter angle, and Ry 1s the radius of gyration

of the microscopic holes.

Substituting logarithms in both sides of the above equation, we obtain:

dnt -

. K P ‘g R -
lgI(e)=lg(M'ﬂ) - G R5¢‘§¢e=1g1(a)_ Axt. R,}e’lge (4)

T 34T

Making a graph of 1gI(e)-¢%,

we obtaln the results on Fig. 5
and Fig. €. Figure 5 1s obtaincd
from vertical carbon fiber axis
scanning; 1t 1s basically a

+

straight ilin<, showing that the

3
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gvration K. apyrcatles a constant

fror 1ts slcp- 1t is possible tc

eclivl foy R
c
40
) 10 20(x 1074 ) (36 )
B e &
4n? 2 .

a=——7 Rilge e Fig. 5. Graph of 1gJI(e'-¢“ cbtainec froo

TR scanning perpendicularly te the fuilo:

_ ax1s.
Rn= =3 1=0.416. "a (€' Key: (1) Intensity
vV osmtlge

Bascd on refersnce [2], we already know that the holes in carkon fil-:s
are necdle-form, arnd are distributed in parallel along the axis. From the
principle of srall angle scattering [8)] we can determine that when scanning 1s
undertaken along perpendicularly tc the direction of the fiber axis, the
diffracticn geometry 1is as shown on Fig. 7. 1In this figure,i% is the unit
deviation amcurt of the incident beam; S is the unit deviation of the scatter
ray: g-ls the reverse change deviation amount; D is the scanning direction.
Because of the horizontal Soller fissure effect, only the scatter rays
parzilel with the plane determined by S and D can be received by the

courters. I¢ is clezr that the gyration axes of the holes arc perpendicular

-
y
-t
o
¢
hal

lan: deternmined by So and D, and parallel with the axis of the focal




light source and with the fiber

axis. For this reason, when a
given thickness is chosen for dRp
and the surface area is the wmicre-
section dV of S'n, the function
for the form contributed by the L
entire hole to the central K,
diffraction peak is:

: K
S(H> =IS(E)exp< —2niH « Ro)dRo ¢

o)

100 x 107 YCARD?

Here, K 1s th- radius cf gyratiorn A .

of the micro-section; it 1s

perpendicular tc A. Bas<d on the Fio €. Graph of lgIlt-¢2 obtained frev

ciassical physical concept, we use scanning along tbe fiber axis.
, , . Key: (1) Intensity.
he following relationai formula

t
tc estimate the radius a c¢f the needle-fcrm hole:

Rl {".
D—\/?a

Becausc K has nc relation with the length of the needle-form hcle. the

s radius & may bec calculated directly.

Ir. order tec estirat

n

the length of the necdle-form hcle, it 1s necessary
to use the scanning graph para.lel to the fiber axis (Fig. 6). The
correspendan; diffractisn georetry principle is as shown in Fig. 8. Because
at this tize the axis of gyration ;'is perpendicular to the axis of the
needle-fora hole, based on the classical physical concept, we use the
fellowing formula to calculate the holg's length (2L):

Ro=;[% 4+ L (8

ir. which a 1s calculated from formula (7).




) i o
HALELE o s
L I
A
______ 5 I e
-D
—S'n
1
Fig. 7. Difrracticu geometry Fig. &. Diffraction geometry whei scannii-
when scanning perpendicularly along the fiber axis.
tc the fibsr awxis. Key: (1) Gyration axis:; (2} Needle-fcr:
Key: (1) Gyratiorn axils; {2) hole.
heedle-for:a hcle.
The fzct +hzs Fiz. € 19 a ¢oncave ricing graph is explained by the
existence ir the carbon filer cf needle-form holes having gyration radii on &
varzety of scales. At this tizl, 1t 1¢ pessible to use erplcoy Fankucher 's

om

grade-wlse tangent rethod to estimate the range of their lengths. First
tangent 1s drawn at the portiorn on the graph of the greatest scatter angl:,
intersectince with the vertica. coordinate at Ki; the slope a of the tancen:
1s then found, znd after that on the original graph the intensity value shown
at each point 1s reduceé by the intensity value shown at the corresponding
point on the tangent. Another lglI{e)-¢2 graph 1s obtained, whereupon the same
procedure 1s repeated. We proceed in this way by steps: Many a and Ki values
can be cbtained. After they are substituted one by one into formulas (€) and
(8), it 1s a sirple matter to find their length (2L). Table 2 shows the scale

of the holes on the four kinds of carbon fiber under consideration.

10




#1,
#2.
¥3.
#4,

the

abov

Table 2holBange bEeléngthkandsrafiusapbobhéibersoscopic

Specimen:

Shangtan,
Shang*an,
Japan, 130
capan, 25
*Because
with a g

Key: (1
i3) Appr

The exper

ilest scann

avthecrs h

a
€. The £1

¢cr a Gauss ¢gra

cocf

ticient, but

paraszters, ra

O . > .
*&(a)li(om) ﬁ!(!l—)ﬁ’.ﬂ(lfl) ‘
120¢°C weEy . . | 2osse -
»25000¢ RE= TN 2.5-Tar R ]
ooc LR R LKL
00cC A 1.8 &f5 . . I .3.0—~6.0% .

of the limitations imposed by the scanning angle, holes
reater length (21} cannot be measured.

~

! Range of radius & (nr'; (Z) Range of length 2L (nm);
cximately.

iment was conducted on a diffraction instrument equipped with a
m~321 2203ES small angle scatter installation. Because th-

ing arzle was akbcout 0.15°, longer needle-form holes couid nct zc

t¢ avoid errors that might be occasioned by our illustratiowns,
ve prepared a flow chart (Fig. 9) based on the steps discussed

ow char® not only can make the choice of a straight line model

-r
3

wode. on the basis of the size of the interrelated

>
|8

wn

als> able to achieve regressive accuracy and stakle

[

1
kirng the entire calculation more elegant and accurate.
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Fig. 9. Calculaticr flcw chart.

Key:

(1) Enter data.

{2) Conver: to 1lgl er-¢4, {7) Gauss graph model.

(3) Solve for interrelated (8) Find tangent foraula, tangsnt
ccefficient p. Is p 20.95 slope ai, radius of gyration Rp, and
(4) Linear craph model. tangent intersection K .

{%) Find straight line slope a; {9) Reduce original intensity by
radius of gyration F tangent intensity.

(€' Qutpu* (10) Is Ki<2/3 the origina-

intensity
(11) Output.

4. CONCLUSION

Based on the results of X-ray diffraction analysis, the microscopic
structure of carbon fiber can be summed up as follows:

Most carbon fibzrs belong to the "random-layer graphite"” structure class.
Or. the layer surface along the fiber axis there is irregular stacking.

Betwzer each layer surface and the fiber axis there exists a certain degrev of

12




orientation. In '"graphite random layers" there also exist small, needle-forr
holes, which are arranged along the axis. Their diameter 1s in the general

range of 1.0 nr to 2.0 nm, their length in the range from 2.0 to several nm.

As the hot processing temperature is raised, the degree of graphitization
rises, and the layer surface stacks in the "random-layer graphite' become
thicker (the value of Le and L increase). Further, the regularity of the
structure increases, the inter-layer distance dcooz2) gradually approaches tﬂe
lattice constant {(dioo2:=0.3354 nm) of graphite, and the degree of orientation
1s reduced. The scale of the fiber-state holes shows some increase, and the

anisotropy is apparent.
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